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INTRODUCTION 
Most methods for the characterization of the thermal properties of materials can only 
be implemented on macroscopic homogeneous specimens with a simple geometry such as 
rods or single slabs. This paper addresses the issue of the non destructive evaluation of 
multilayered structures. Assuming a planar heat flow, analytical solutions of the temperature 
were found for two and three layer geometries. Experimental data was taken on samples 
composed of typical materials to validate the theory. The material properties in each layer 
were found by fitting the thermal responses with the analytic solutions. 
THEORY 
The multilayered structure is represented by the one dimensional model shown in 
Fig 1. Each layer has a thermal diffusivity (In and conductivity Kn and is in perfect thermal 
contact with adjacent layers. The heat fluxes at the front and back surfaces are given by FO 
and Fn respectively (convection losses have been neglected). The resulting temperature at the 
front and back surfaces are vo and Vn. 
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Fig. 1. Model for a multilayer structure 
The general relationship between the Laplace transforms Fnl FOI Vn and Vo ofthe 
flux and the temperature on each side of a multilayer slab [1] is given by Eq. 1: 
[1] 
where the transfer matrix for the rth layer is : 
[2] 
with qr = . !P , p as the Laplace variable, and lr = dr - dr-I. lr is the thickness of the 
'Va:; 
layer r. 
For the current measurements, the flux is only applied to a single surface, reducing Eq. 1 to: 
[3] 
where A, B, C and D are obtained by multiplying the 2 by 2 transfer matrices. They depend 
on the thicknesses and the thermal properties of the n layers. For non zero C, the Laplace 
transforms of the temperatures at the front and back surfaces are respectively given by : 
[4] & [5] 
There is no particular difficulty in the computation of A, B, C and D. However, even 
for a two layer system, inversion by complex integration is non trivial. Two options remain: 
a numerical routine can be used to invert the Laplace Transforms or an expansion of the 
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Laplace transforms to series with simpler terms, which can be analytically inverted, can be 
performed. 
For the case of a two layer structure with a constant incoming heat flux FO starting at 
time t=O, the expansion of v 0 is performed for q I equal to zero. The first term of the 
expansion approximates the first layer as a contact resistance, i.e. without specific heat. It is 
too simplistic a model. The second term approximates the first layer as a thermally thin layer 
and is still simple to invert. Eq. 6 shows the solution where 11, KI, al and 12, K2, a2 are 
the thickness, thermal conductivity and diffusivity of the two layers, Erf is the Error function 
and ierfc the integral complimentary Error function. The first two terms ofEq. 6 correspond 
to the first term of the expansion, the second line is the second term of the expansion. 
oa 
vo = Fo ( ..!L + 2 fU.2f (1 + 2 L ierfc<,~» 
Kl K2 n=l ya 2 t [6] 
For the case of a three layer structure, a through-the-thickness measurement is the 
easiest way to characterize the inner layer. The expansion ofvn is performed about e-lq equal 
to zero (p -> 00), corresponding to an expansion about t=O. Eq.7 and 8 show a solution for 
Vn when the outer layers are identical. Index I designates the outer layers, index 2 the inner. 
«2n+1)2L+(m+1)_I_1 )2 
_ 8 Fo K2 ~ ~ { } _ va; -.fC4 
Vn - k.J k.J 'II e 4 t Yre a2 t n=O m=O 
[7] 
where 
EXPERIMENTS AND RESULTS 
Two Layer Samples 
A block diagram of the experimental setup for the measurement of thermal properties 
on two layer samples is shown in Fig. 2. A commercial infrared camera has been modified 
to permit direct control of the scanning mirrors and to access the detector signal. This allows 
to measure the changes in surface temperature at a point as a function of time with high 
temporal resolution and signal to noise ratio. A thermal stimuli is provided by an Argon 
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LASER. The beam is controlled by an acousto-optic modulator which allows the generation 
of a periodic square pulse signal over a wide range of frequencies (continuous to 50 MHz). 
Some data acquisition times for one sided experiments can be of the order of the second. The 
preamplifier has a lower frequency cut off at 10 Hz. To enable long duration measurements, 
the radiation into the detector is modulated by a mechanical chopper. The signal from the 
camera is rectified by a lock-in amplifier and then digitized by an oscilloscope. The first 
output signal of a two channel function generator is used as a driver for the modulator and as 
a reference for the oscilloscope, the second signal controls the mechanical chopper and gives 
the reference frequency to the lock-in amplifier. The data acquisition is synchronized by the 
function generator and the signal is averaged to further improve the signal to noise ratio. A 
computer controls the oscilloscope and stores the digitized signal. 
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Fig. 2. Experimental setup with LASER and point infrared detector for data acquisition on 
two layer samples. 
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Data was taken for three samples composed of 1.016 mm thick 2024-T3 aluminum 
plates coated with different thicknesses of black paint. The coating thicknesses were 74,194 
and 324 f.1m. For each experiment, the two layer model presented in Eq. 6 was fitted to the 
data and the thermal diffusivity and conductivity of the coating were calculated. Fig. 3 and 4 
show the results obtained. For sample 1, the values are independent from the excitation 
frequency. For samples 2 and 3, as the frequency increases, the estimated values diverge. 
This is a result of the thermal transient times of the coating becoming significant relative to 
the period of the thermal excitation. Under such conditions, the thermal response is a result 
of the paint alone and the two layer model is no longer required. Computer simulations of 
the temperature rise at the front and back surfaces after a flash heating verify this conclusion. 
For sample 3, the temperature equalizes throughout the two layers after approximately 1 
second, a time dominated by the thermal response of the paint. From thermal responses for 
excitation frequencies above 1 Hz, the thermal properties of the second layer cannot be 
determined. For lower frequencies, the transient thermal responses become less significant 
and standard methods can be used to characterize the second layer. 
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Fig. 3. Estimated thermal diffusivity of coaring as a function of frequency for two layer 
samples with varying coating thickness 
479 
--0- Sample 1 (coating 741.1. m) 
........ <>....... Sample 2 (coating 1941.1. m) 
,---------------------~ 1.25 
···-0··· Sample 3 (coating 3241.1. m) 
...... 
~ 
S 1 
....... 
~ 
.e- 0.75 
';> 
..... 
t 
::s 0.5 
'"d 
8 
"iii 0.25 
S 
'"' Q) 
E5 0 
0 1 2 3 4 5 6 7 8 9 10 11 
Frequency (Hz) 
Fig. 4. Estimated thennal conductivity of coating as a function of frequency for two layer 
samples with varying coating thickness 
Three Layer Samples 
Fig. 5 shows the experimental setup used for the measurement of thennal properties 
on three layer samples. A thennal stimuli is provided by a flash tube on the back side of the 
sample and the temperature variations are monitored on the front surface. The detection is 
perfonned as previously, with radiation from the specimen chopped, rectified by a lock·in 
amplifier and finally digitized by an oscilloscope. The output signal of a function generator is 
used as a driver for the chopper and as a reference for the lock·in amplifier. Data acquisition 
begins when the flash is fired. 
Table I shows a summary of the results obtained with the experimental setup on 
Fig. 5. The samples used were all composed of outer 1.016 mm thick 2024-TI aluminum 
layers enclosing an inner layer of material to be characterized. These inner layers were 
composed of, respectively: 0.52 mm of air, 0.52 mm of glycerin, 0.308 mm of epoxy resin 
and 0.5 mm of AI(OH)3. The results are generally in good agreement with other literature 
values except for the measured conductivity of air that appears too high. This poor result 
may be explained by the heat transfer due to the convection in the interior gap that is not taken 
into account by the model. 
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Fig. 5. Experimental setup with flash lamp and point infrared detector for data acquisition on 
three layer samples. 
Table I. Measurements of thermal diffusivity and conductivity and comparison with literature 
(1o-6m2/ s) conductivitY'" (W; i6.fk) . diifusivity 
<:)J'.'; ~.:f1 ~ :- ~ 
m.easured literature measured literature 
value :';', :1~ ~,h~~", 
•. ,' c,· 
Air 0.22 0.23 [2] 0.05 0.026 (5) 
Glycerin 0.084 0.094 [3] 0.39 0.30 [6] 
Epoxy 0.05 0.1 - 0.3 [4] 0.41 0.16-0.4 [4] 
resin 
Simulated 0.063 not available 0.69 0.675 
Corrosion 
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CONCLUSION 
A method for the thermal characterization of multilayer structures was successfully 
applied to two and three layer structures. For single sided measurements on two layered 
structures, care must be taken to insure the period of the excitation cycle is long enough to 
include the thermal response of both layers. If this condition is met, the results are in good 
agreement with literature values. The data gathered for the three layer samples shows a good 
correspondence between the results obtained from the fittings and generally accepted values. 
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